ABSTRACT Probable involvement of avidin and avidin-related protein-2 (AVR2) in sperm viability in the sperm storage tubules of turkeys has been suggested. The high affinity of biotin to avidin and its analogs is also well documented. The present study aimed to determine the effect of oral biotin on reproductive performance and oviductal mRNA expression of avidin and AVR2 in 2 broiler hen lines with different fertility rates. Low-fertility (line B) and high-fertility (line D) hens (n = 144) were randomly allotted to receive 0 (T 0 ), 0.30 (T 1 ), or 0.45 (T 2 ) mg/L biotin in drinking water from 30 through 33 wk of age. The reproductive performance of the hens was evaluated using artificial insemination. At the end of the treatment period, 24 hens per line were killed to assay the expression of avidin and AVR2 in the uterovaginal junction. Supplementary biotin increased egg production from 73.5% for T 0 to 87.8% for T 2 . Hens administered with biotin in line B, but not in line D, showed an increase (8.4%) in fertility rate. Hatchability, chick quality, and overall embryonic mortality were not different among the experimental groups. Real-time PCR data showed that both avidin (P = 0.0013) and AVR2 (P < 0.0001) expressions were influenced by a biotin × line interaction effect, where low-fertility line B hens receiving the high biotin level recorded respectively a 3.9 and 15.3% increase in avidin and AVR2 mRNA expression, although biotin did not affect these traits in line D hens. Control hens in line D had a dramatically higher AVR2 expression record (7.4-fold) compared with the control hens in line B. The correlation coefficients of fertility rate and avidin expression were 0.73 and 0.66 in lines B and D, respectively. However, the correlation of fertility and AVR2 (r = 0.65) was significant for line D hens only. Overall, fertility rate and oviductal expression of avidin and AVR2 were dichotomously affected by oral biotin in low-and high-fertility line hens, where only low-fertility birds showed improvements in these attributes.
INTRODUCTION
Maximizing the proportion of fertile eggs is of greatest priority to the breeder industry (Akhlaghi et al., 2014a) . Apart from the critical role of the male bird in flock fertility (Saemi et al., 2012; Ommati et al., 2013) , the female bird makes a central contribution to egg production and provides an optimal microenvironment in the oviductal sperm storage tubules (SST) for subsistence of residing spermatozoa (Bramwell et al., 1996) . The SST are specialized submucosal tubular invaginations of the surface epithelium located in the anterior end of the vagina, a region known as the uterovaginal junction (UVJ; Bakst, 2011) . Once spermatozoa reside in the SST, their motility is reversibly suppressed, and their immunogenicity declines (Bakst, 2011) . It has also been suggested that fertility rate (Pierson et al., 1988) and duration of fertility (Das et al., 2008) are directly related to sperm storage functions of the SST and to the number of sperm-containing tubules. A variety of factors influences reproductive performance in females, among which nutritional cues such as energy, protein, minerals, and vitamins (e.g., biotin) have been investigated extensively (Wilson, 1997) .
Biotin is a water-soluble vitamin belonging to the B-complex group (Ploux, 2000) . Normal embryonic development and hatchability rate have been stated to be vitally dependent on biotin (Whitehead et al., 1985) . Supplementary biotin's positive effect on hatchability has been well established in biotin-fed birds (Bradley et al., 1976; Robel, 1991; Chen et al., 1994) and in biotin-injected eggs (Robel and Christensen, 1987) . The effect of biotin on fertility rate, however, is less widely 289 agreed upon; discrepant findings ranging from an enhancing effect (Bradley et al., 1976) to no apparent effect (Chen et al., 1994) have been reported in the literature. A noticeable feature of biotin is its extraordinarily high affinity for avidin, a secretory glycoprotein found in the oviduct (Foye-Jackson et al., 2011) . Avidin is a member of a gene family that encodes 7 avidin-related proteins (AVR1 to AVR7; Ahlroth et al., 2000) . These AVR proteins are 91 to 96% structurally identical to avidin and therefore also have a high affinity for biotin (Laitinen et al., 2002) .
In their study on turkey hens, Foye-Jackson et al. (2011) presumed, because of the high mRNA expression of avidin and AVR2 in the UVJ epithelium, that avidin and avidin analogs might be involved in sperm survival in the SST, probably through binding of biotin to avidin. Most recently, we compared the reproductive performance and oviductal expression of avidin and AVR2 in young and old broiler breeder hens that had received oral biotin supplementation (Daryabari et al., 2014) . Our data suggested an increase in egg production, fertility rate, and oviductal expression of AVR2 (but not avidin) in young hens only. It was concluded that the effect of biotin supplementation on AVR2 expression, and the relationship between biotin administration and oviductal expression of avidin and AVR2, was dependent on the hen's age. As far as we are aware, the association of oviductal avidin and AVR2 expression with fertility and hatchability in broiler line hens with different fertility rates has not been addressed previously. Therefore, we conducted the present study using 2 purebred lines of meat-type hens known as line B (a sire line), with a low fertility rate, and line D (a dam line), with a high fertility rate. These lines were the product of a 22 y breeding schedule at Arian Line Breeding Center (Babolkenar, Iran). We also hypothesized, based on the extremely high affinity of avidin and its analogs for biotin, that supplementary biotin may influence the oviductal gene expression of avidin and AVR2 in a different manner in low-and highfertility hen lines. The present study, therefore, dealt with 3 distinct questions: 1) whether oral supplementation of biotin would affect the reproductive performance of hens with different fertility rates; 2) whether avidin and AVR2 are differentially expressed in the UVJ region in low-and high-fertility hen lines; and 3) whether oral biotin differently influences avidin and AVR2 expression in low-and high-fertility hen lines.
MATERIALS AND METHODS

Birds and Experimental Treatments
A total of 144 broiler hens (received at 28 wk old; Arian Line Breeding Center, Babolkenar, Iran) with low (line B; n = 72) and high (line D; n = 72) fertility rates were randomly assigned to receive either 0 (T 0 ), 0.30 (T 1 ), or 0.45 (T 2 ) mg/L biotin (Lohmann Animal Health, Cuxhaven, Germany) in their drinking water for 28 d (from 30 through 33 wk of age). The experiment was carried out as a completely randomized design with a 2 × 3 factorial arrangement where each oral treatment group per line consisted of 4 replicates of 6 wingbanded hens. The hens were housed in trap-nested floor pens covered with wood shavings. Age-matched broiler line roosters (n = 30; 15 birds/line) of the same strain were habituated (10 d) to abdominal massage for semen collection and were used for artificial insemination of the hens. The roosters were maintained in separate pens according to the Line Breeding Center Managerial Guidelines. The hens were inseminated twice with a 7 d interval (on the first day of wk 32 and wk 33 of age). At insemination, pooled semen samples were diluted in homogenized and pasteurized low-fat milk (at an average semen to milk ratio of 1:5; Akhlaghi et al., 2013b) so that each hen received 200 × 10 6 sperm per insemination dose (0.2 mL). The hens were fed a corn-soybean meal-based diet that supplied 2,704 kcal ME per kg of diet; 14.34% CP; 3.38% Ca; and 0.42% available P. The roosters received a diet that supplied 2,919 kcal ME/kg; 13.29% CP; 1.06% Ca; and 0.36% available P. A 15L:9D artificial lighting schedule was provided during the trial.
Egg Collection, Storage, and Incubation
For each hen, egg production was recorded on a daily basis. During the last 12 d of the treatment period (initiated from d 4 following the first artificial insemination through d 7 after the second insemination), hatching eggs (n = 889) were collected, fumigated with formaldehyde gas [at a KMnO 4 to formalin (both from Merck & Co., Inc.; Darmstadt, Germany) ratio of 1:2 for 20 min], and stored (12
• C, 75% RH) with their blunt ends up until incubation (Akhlaghi et al., 2014b) . After 12 d of storage, the eggs were set on turning trays and were assigned to the same side of the trolleys to minimize any positional effects. The eggs were then fumigated with formaldehyde gas for 20 min, preincubated at 24
• C for 8 h, and set in the same incubator (Petersime, Zulte, Belgium) to eliminate interassay variability (37.7
• C and 29
• C dry-and wet-bulb temperatures, respectively). After 18 d, eggs obtained from each hen were placed under a pedigree basket and transferred to the hatcher for the remaining 3 d. At hatching, the number of chicks, fertility rate (embryonated eggs divided by total eggs set), and hatchability of fertile eggs (hatched chicks divided by fertile eggs) were determined . Given the time needed for artificial insemination and the holding period, as well as the timetable of the hatchery unit, the duration of fertility following each insemination practice was evaluated for 2 distinct periods, including d 4 to 8 after the first insemination (period 1) and d 2 to 8 following the second insemination (period 2). The eggs produced on d 2 and 3 following the first insemination were not stored for setting; rather, they were broken open to subjectively evaluate the fertility. Therefore, the first period of evaluation was also reported as a 7 d period. The hatchlings were also classified macroscopically as first grade (of good quality) or culls. Unhatched eggs were examined to determine the age of embryo at death and were classified as early (1 to 6 d), mid (7 to 16 d), or late (17 to 21 d plus pipped) mortalities (Akhlaghi et al., 2013a) .
Oviductal Avidin and AVR2 Expression
Sampling of UVJ. On the last day of the treatment period, UVJ samples were obtained according to FoyeJackson et al. (2011) . Two hens per replicate (48 hens in total) were randomly selected and cervically dislocated. The oviduct was immediately excised, and connective and adipose tissues were trimmed along the length of the vagina and the posterior 30% of the shell gland (uterus). The anterior half of the vagina into the uterus was cut, and the fold was laid back to expose the surface mucosa, which was then rinsed with a phosphatebuffered solution (0.15 M at pH 7.4). Using forceps and scissors, a single mucosal fold was grabbed, and the scissors were held from where the mucosa was in the vagina to as close to the uterus as possible. The UVJ mucosa, which normally contains both SST and accompanying surface epithelium, was microscopically examined to confirm the presence of SST. The tissues were immediately placed in liquid nitrogen and transferred for freezing at −80
• C in preparation for RNA extraction. Also, the diameter of hierarchical (F 1 to F 6 ) and nonhierarchical (small and large white) ovarian follicles was determined on the same day.
Total RNA Isolation and cDNA Synthesis. Total RNA extraction from the UVJ tissue samples and cDNA synthesis were carried out respectively by using RNeasy Mini and QuantiTec Reverse Transcription kits according to the manufacturer's guidelines (Qiagen, Hilden, Germany). A DNase I digestion was implemented to eliminate the potential contamination of extracted RNA by genomic DNA.
Real-Time PCR Analysis. A real-time PCR analysis was used to compare the expression of avidin and AVR2 in the oviductal UVJ region for both lines of hens. Table 1 shows the gene-specific primers used in the present study. Cyclophilin B (reference gene; FoyeJackson et al., 2011) was used as the endogenous control to normalize the expression of the target genes (avidin and AVR2). The primers were provided by Metabion (Martinsried, Germany), and the real-time PCR kit was obtained commercially (QuantiFastTM SYBR Green PCR kit; Qiagen, Hilden, Germany). A Bio-Rad CFX-96 Real-Time PCR System (Bio-Rad Inc., Hercules, CA) was used to run the reactions in duplicate. A pilot examination in a conventional PCR system determined the optimal reaction conditions as follows: initial denaturation (95
• C, 5 min), 45 cycles each of denaturation (95
• C, 10 s) as well as annealing and extension (60
• C, 30 s). To confirm the amplification of each PCR product, a melting-curve analysis (1 • C increase in temperature per 5 s from 50 through 95
• C) and a gel electrophoresis were conducted, and the PCR products were verified by sequencing. The real-time PCR was carried out in a 15 μL reaction volume containing 7.5 μL QuantiFast SYBR Green Master Mix, 1 μL cDNA, 0.7 μL each gene-specific forward and reverse primer, and 5.1 μL RNase-free water. The threshold cycle (Ct) was determined as the cycle number associated with the linear increase in fluorescence above the set threshold (Foye-Jackson et al., 2011) . To prepare the standard curve for each gene, pooled cDNA was serially diluted in distilled H 2 O and amplificated by the gene-specific primer pairs. The relative expression of the target genes was assayed for each sample by using the 2 (-ΔΔCt) method (Livak and Schmittgen, 2001) , where the average ΔCt values of the T 0 treatment group served as the control.
Statistical Analysis
The data were tested for normality by using PROC UNIVARIATE (SAS Institute, 2002) , transformed where appropriate, and subjected to PROC GLM (SAS Institute, 2002 ). An arcsine transformation of data on embryonic mortality and chick quality was used prior to the statistical analysis. Non-normally distributed data were analyzed by the GENMOD procedure (SAS Institute, 2002) . The means were compared by the least squares procedure adjusted for the Tukey test, and the level of significance was set at P ≤ 0.05. Correlation coefficients of the gene expressions with fertility and fertile hatchability were also calculated using PROC CORR (SAS Institute, 2002) .
RESULTS
Reproductive performance and oviductal expression of avidin and AVR2 in low-and high-fertility broiler hen 2 Other follicles were not affected. 3 Cyclophilin B was considered a housekeeping gene, and line B hens in the T 0 treatment group were the control group. lines orally administered supplemental biotin are shown in Table 2 . Biotin administration increased egg production from 73.5% in T 0 to 84.3 and 87.5% in T 1 and T 2 groups, respectively (P = 0.002). The line of hens or biotin × line interaction effect, however, did not influence egg production. The fertility rate was increased by 6.3% in birds receiving the high level of biotin compared to the control group. As expected, the fertility rate in line B was lower than that of line D. Biotin and line interacted to affect fertility rate (P = 0.038). Biotin-administered hens in line B showed an improvement in fertility rate, although biotin administration had no apparent effect on the fertility rate of line D hens (Table 3 ). Hens receiving the high level of biotin showed an increased duration of fertility during periods 1 (6.80 d; P = 0.0009) and 2 (6.87 d; P = 0.0102) as compared to the control birds (6.24 and 6.36 d for periods 1 and 2, respectively). Birds in the T 1 treatment group were not different from those in the T 0 and T 2 groups (Table 2) . A longer duration of fertility was recorded for line D hens (6.62 d) than for line B hens (6.41 d) during period 1 (P = 0.0437), although no line difference was noted in period 2 (P > 0.05). Additionally, biotin × line interaction effect did not influence the duration of fertility in either period (P > 0.05). Biotin, line, or their interaction had no effect on the hatchability of fertile eggs, chick quality, or early-or mid-embryonic mortality rates (Table 2) . Hens in line D had a lower late embryonic mortality rate (4.2%) than line B hens (7.1%; P = 0.0317). Birds receiving 0.30 mg/L biotin recorded a lower percentage of externally pipped eggs (0.4%) than hens in the T 2 (2.9%) or T 0 (4.2%) treatment groups (P = 0.008). The main effects of biotin and line on the diameter of ovarian follicles were not significant (P > 0.05); however, the biotin × line interaction effect on the diameter of F 2 follicles was significant (P = 0.03; Table 3 ). The diameter of the F 1 follicle was marginally influenced by the biotin × line interaction effect (P = 0.0511).
Biotin supplementation and hen line interacted to influence mRNA expression of oviductal avidin (P = 0.0013; Table 3 ). Although avidin expression was not affected by biotin supplementation in line D hens, line B hens receiving the high level of biotin (T 2 -B group) showed an increase in avidin expression (3.9 vs. 1.0 in T 0 -B group; Table 3 ). Oral administration of biotin at a high level, but not at a low level, resulted in approx. a 4-fold increase in oviductal AVR2 expression ( Table 2) . The biotin × line interaction affected AVR2 expression (P < 0.0001; Table 3 ). Although biotin administration did not influence AVR2 expression in line D hens, it significantly affected this trait in line B hens. The relative expression of AVR2 in T 2 -B hens (15.3) was considerably higher than in T 0 -B hens (1.0). The correlation coefficients of fertility rate and avidin expression in lines B and D were 0.73 and 0.66, respectively (P ≤ 0.05). The correlation coefficient of fertility rate with AVR2 expression in line D was 0.65 (P ≤ 0.05). However, other correlation coefficients, including that of fertile hatchability with the genes expression, were not significant (P > 0.05).
DISCUSSION
Our recent report suggested an age-dependent feature for avidin and AVR2 expression in the SST region of the oviduct in broiler breeder hens orally exposed to supplementary biotin, where the expression of both genes in aged (56-wk-old) hens was higher than that in young (33-wk-old) hens (Daryabari et al., 2014) . The same report also showed that oral administration of supplementary biotin was associated with a greater oviductal AVR2 expression in young hens only. As a sequel to these findings, questions were raised as to whether the oviductal expression of avidin or AVR2 is different in genetically low-and high-fertility broiler hen lines, and if exposing these birds to oral biotin differentially affects the mRNA expression of these genes in the UVJ. Data showed, for the first time, that lowand high-fertility broiler hen lines might respond differently to oral biotin. Low-fertility hens (line B) receiving biotin not only recorded an 8.4 percentage point increase in fertility rate but also showed critically higher oviductal mRNA expression for both avidin (approx. 4-fold) and AVR2 (more than 15-fold) compared with the same items in line D hens. Additionally, the expression of oviductal AVR2 in line D control hens was 7 times as high as the value recorded for their counterparts in line B. Data on correlation coefficients indicated a direct relationship between fertility rate and oviductal avidin expression in both lines, whereas a positive correlation between fertility rate and AVR2 expression was noted only in line D hens.
Irrespective of dosing level, oral biotin was associated with increased egg production. Chen et al. (1994) also reported a higher production percentage for 50-to 54-wk-old turkey hens fed 0.75 mg of biotin per kg of diet. The current data are in accordance with our previous finding of greater egg production in young breeder hens supplemented with 0.30 mg biotin/L in drinking water, although 0.45 mg biotin/L did not influence this trait (Daryabari et al., 2014) . The plasma concentration of biotin in young breeder hens has been suggested to be lower than in old breeders and the concentration increases linearly with age (Whitehead, 1984) . The birds used in the present study were at the early stage of the production period (30 to 33 wk). Thus, oral biotin might have contributed to the re-establishment of optimal circulatory biotin status and, in turn, to higher egg production. To further clarify this supposition, blood biotin concentration will need to be quantified. On the other hand, 22 y data from the Line Breeding Center Database show that the mean egg production during a 38 wk production period in line D (as a maternal line) is 65.2%, which is much higher than that of the paternal line (line B; 48.0%). The present data, however, did not confirm this difference between the two lines, essentially due to the short duration of the trial. Nonetheless, it seems that the diameter of ovarian F 2 follicles in line D was affected by the high level of oral biotin, a response not observed in line B hens.
In line with our previous report (Daryabari et al., 2014) , hatchability rate, hatchling quality, and overall embryonic mortality were not affected by supplementary biotin in either line. Other studies have reported a higher hatchability rate for Leghorn (Bradley et al., 1976) and turkey breeder (Chen et al., 1994) hens fed supplementary biotin, and for turkey eggs receiving biotin in ovo (Robel and Christensen, 1987) . The underlying cause of this discrepancy remains unknown, but species or strain differences might be involved. A concern in the current study was to collect the highest number of hatching eggs for a single incubation, which made extending the holding period to 12 d a necessity. This lengthy egg storage was the likely cause for the high early embryonic mortality (1 to 6 d) recorded for all experimental groups in the present work, as a negative association between prolonged storage time and hatchability has been well established (Fasenko, 2007) .
In agreement with previous reports (Bradley et al., 1976; Chen et al., 1994; Daryabari et al., 2014) , the biotin-administered hens in the present study recorded a higher fertility rate, with a 6.3 percentage point increase in the T 2 treatment group. Additionally, the fertility rate of line D hens was, as expected, higher than that of line B hens. To provide more reliable data on fertility, an artificial insemination practice was implemented instead of natural mating. This way, probable biases due to preferential mating or various conditions that may have been problematic to mating were eliminated. Also, all hens received a specific number of sperm at insemination to impede the effect of different sperm number on avidin mRNA expression (FoyeJackson et al., 2011) . Data on the duration of fertility also suggested an increase for hens administered with 0.45 mg biotin/L in both of the evaluation periods. Line D hens also had a longer fertility duration in period 1. A direct correlation of fertility rate (Das et al., 2008) and duration of fertility (Pierson et al., 1988) with sperm storage functions of SST and with number of sperm-containing SST has been suggested. Bakst et al. (2010) proposed, based on similarity in the SST number among 4 strains of broilers, that fertility of a commercial hen flock is not associated with SST numbers and that other factors play a role in sustained fertility. We did not enumerate the SST in the current work to confirm this statement. However, the reason for the higher fertility rate of line D hens might be searched for in other plausible mechanisms. The structure and function of SST is estrogen dependent (Bakst, 2011) . The higher fertility record for line D hens could be attributed to higher plasma concentrations of estradiol (our unpublished data). Upon examination of avidin and AVR2 expression in the control hens of lines B and D, it was observed that oviductal expression of AVR2 in line D hens was 7 times higher than for line B. This finding, along with the significant relationship between oviductal AVR2 and fertility rate in line D, might explain the higher fertility rate in line D hens. As for the line differences in duration of fertility, the difference found in period 1 was not observed in period 2, suggesting that the first artificial insemination and spermatozoa retained in the oviduct contributed to the duration of fertility in the second period of evaluation.
An interesting finding of the present work was that supplementary biotin resulted in different fertility responses in lines B and D. The high level of biotin supplementation was associated with an 8.4% increase in fertility rate for line B hens; however, fertility in line D hens was seemingly nonresponsive to oral biotin. Although evaluating the duration of fertility could shed more light on the current fertility data, oviductal expression of avidin and AVR2 may provide some clues to the differential effects of biotin on fertility rates of low-and high-fertility hens. It appears that there is an interesting consistency between fertility rate and realtime PCR data, as the line B hens receiving 0.45 mg biotin/L showed a concomitant increase in fertility rate, as well as in oviductal avidin and AVR2 mRNA expression. None of theses attributes were affected by oral biotin in line D hens. The reason why oviductal avidin and AVR2 in line D hens were not influenced by oral biotin has yet to be determined. But it is evident from the current data that oviductal AVR2 responded much more sensitively to oral biotin than did avidin. Data on the correlation of fertility and mRNA expression with avidin and AVR2 also revealed another difference between the lines. Fertility rate in line D hens was related to both avidin and AVR2 expression; however, fertility rate was correlated only with avidin in hens from line B.
To conclude, despite the surprising 15-fold increase in oviductal expression of AVR2 in line B hens that received the high level of biotin (T 2 -B group), it would be rational, considering the significant correlation between fertility rate and oviductal avidin, to conclude that higher expression of avidin in the UVJ region of T 2 -B hens might have contributed more to the increased fertility rate than did AVR2. In line D hens, however, the relationship of fertility rate with avidin or with AVR2 implies that these genes might have contributed equally to fertility rate in these hens.
Overall, increased levels of oral biotin were associated with increased egg production. Although the hatchability of fertile eggs and hatchling quality did not differ among the treatment groups, the mortality rate at external pipping was lower in the birds receiving 0.30 mg biotin/L. The mRNA expression of AVR2, but not of avidin, in the line D control hens was 7 times higher than the mean AVR2 expression recorded for line B. It might also be inferred from the correlation coefficients that the contribution of avidin and AVR2 to the fertility rate of line D hens was comparable; however, it seems in line B hens, avidin is more involved in fertility than is AVR2. Hens with a low fertility rate had a critical increase in the expression of either avidin or AVR2 following oral biotin supplementation. On the other hand, it appears that some sort of "refractoriness" in fertility rate and expression of the genes studied to biotin supplementation might be present in high-fertile hens so that improvement in fertility rate of these hens was rather hard to meet. It could, therefore, be assumed that fertility rate and oviductal expression of avidin and AVR2 were dichotomously influenced by supplementary biotin in low-and high-fertile hen lines. It should be noted that mRNA expression does not necessarily reflect protein expression. However, a previous report on diabetic rats suggested that supplementary biotin affected expression at the protein level of phosphorylated insulin receptor substrate 1, peroxisome proliferatoractivated receptor gamma, and nuclear factor kappalight-chain-enhancer of activated B cells (Sahin et al., 2013) , a finding that is promising for future works looking to find evidence that biotin treatment might also influence protein expression in the oviduct. In practical terms, biotin supplementation in low-fertility hen lines might be considered as an approach to improve fertility at the breeder farms. However, a longer evaluation of the duration of fertility after a single insemination as well as examining the decline of fertility following insemination are critical prerequisites to making any recommendations at the field level. Also of future interest would be line bird fertility rate studies that include genes already known to contribute to sperm viability in the SST microenvironment, including carbonic anhydrase (Holm et al., 1996) and transforming growth factor-β (Das et al., 2006) .
